In Brief CA1 pyramidal neurons generate unique spike bursts known as complex spikes, characterized by a profound decrease in action potential amplitude. Apostolides et al. investigate how action potentials of varying amplitudes are transformed into all-or-none signals in the axon.
In CA1 pyramidal neurons, correlated inputs trigger dendritic plateau potentials that drive neuronal plasticity and firing rate modulation. Given the strong electrotonic coupling between soma and axon, the >25 mV depolarization associated with the plateau could propagate through the axon to influence action potential initiation, propagation, and neurotransmitter release. We examined this issue in brain slices, awake mice, and a computational model. Despite profoundly inactivating somatic and proximal axon Na + channels, plateaus evoked action potentials that recovered to full amplitude in the distal axon (>150 mm) and triggered neurotransmitter release similar to regular spiking. This effect was due to strong attenuation of plateau depolarizations by axonal K + channels, allowing full axon repolarization and Na + channel deinactivation. High-pass filtering of dendritic plateaus by axonal K + channels should thus enable accurate transmission of gain-modulated firing rates, allowing neuronal firing to be efficiently read out by downstream regions as a simple rate code.
INTRODUCTION
A fundamental feature of pyramidal neurons is the non-linear integration of excitatory inputs. Dendritic voltage-gated ion channels amplify specific spatiotemporal activity patterns, thereby generating a depolarization that is greater than the sum of its parts (Losonczy and Magee, 2006; Larkum et al., 2009; Major et al., 2013) . In CA1 pyramidal neurons of the hippocampus, long-range sensory inputs from entorhinal cortex (EC) target the distal tuft dendrites, whereas internal signals from CA3 target proximal dendritic branches. Appropriately timed activity in CA3 and EC pathways uniquely drives a Ca 2+ channel/ N-methyl-D-asparatate receptor (NMDAR)-mediated plateau potential in the distal dendrites, resulting in a high-frequency burst of axonal Na + action potentials (APs) exhibiting strong amplitude reduction (Takahashi and Magee, 2009; Bittner et al., 2015) . These ''complex spike'' bursts have been characterized in vitro (Tsay et al., 2007; Takahashi and Magee, 2009; Milstein et al., 2015) and in vivo (Kandel and Spencer, 1961; Harris et al., 2001; Harvey et al., 2009; Epsztein et al., 2011; Grienberger et al., 2014; Bittner et al., 2015) and may represent a coincidence detection mechanism relevant to hippocampus-dependent memory formation (Hasselmo and Eichenbaum, 2005) .
Complex spikes were recently shown to gain-modulate CA1 firing rates and induce novel place field formation (Bittner et al., 2015) . However, it is unclear if complex spikes transmit the firing rate increases to downstream targets or if these events are simply a cell-intrinsic plasticity mechanism. One possibility is that the strong electronic coupling between the soma and axon allows the large underlying plateau potential to passively propagate down the axon and inactivate axonal Na + channels, resulting in AP propagation failures. Evidence for this is found in CA3 neurons (Meeks et al., 2005 ; but see Shu et al., 2007) as well as neurons of the cerebellum and brainstem (Khaliq and Raman, 2005; Monsivais et al., 2005; Roberts et al., 2008; Foust et al., 2010) , where small APs similar to those in CA1 complex spikes often fail to propagate in the axon. In the context of hippocampal function, this scenario would imply that the complex spike is primarily an internal signal to drive plasticity rather than a reliable mechanism for transmitting information to extra-hippocampal regions.
A second possibility is that the plateau potential could passively propagate into the axon for hundreds of micrometers and enhance neurotransmitter release via one of several ''analog'' mechanisms (Shu et al., 2006; Alle and Geiger, 2006; Christie et al., 2011; Kim, 2014) . Phasic transmitter release during complex spikes would thus be elevated relative to simple AP trains, indicating that the downstream consequences of CA1 activity are a function of the neuron's firing rate as well as the shape of the plateau depolarization driving AP output.
A third option is that the small APs initiated during complex spikes might reliably propagate to axon terminals, where they would evoke a transmitter release profile identical to that produced by a train of simple APs of the same rate (Mathy et al., 2009) . If this were the case, the gain modulation of firing rate reporting the conjunction of EC and CA3 inputs could be read out with high fidelity, allowing a simplified decoding of the population activity by downstream targets (Pouget et al., 2000; Salinas and Sejnowski, 2001 ). However, this scenario implies that the propagation of plateau potentials into the axon is limited despite the relatively strong electrotonic coupling between soma and axon (Shu et al., 2006; Christie and Jahr, 2009) . We have used various electrical recordings in brain slices and awake mice as A) 2-photon maximal intensity z stack of a typical dual recording from the soma and axon of a CA1 neuron. The axon recording location (373 mm from soma) is denoted by green pipette symbol. (B) Example traces from the neuron in (A) showing axonal and somatic APs (upper and middle traces, respectively) during 100 ms current steps of increasing amplitude. The lower traces are the dV/dt of the somatic voltage, highlighting the dramatic reduction in the AP dV/dt due to inactivation of Na + channels.
(C) Detail of the red rectangle in (B). The dotted lines connect axonal APs with the somatic dV/dt trace. Of note is that even the smallest APs propagate in the axon, highlighting the extensive variability in the somatic signature of axonal APs. The asterisks denote a somatic event that did not occur with an AP in the axon, likely reflecting the depolarization-induced separation of axonal and somatic AP components. (D) Summary showing somatic dV/dt plotted against the repolarization voltage of individual APs elicited during n = 9 experiments similar to (A)-(C). The red points denote somatic APs that occurred in absence of a concomitant axonal AP. Of note is that these non-axonal APs have the lowest dV/dts and selectively occur at elevated membrane potentials.
(legend continued on next page)
well as a computational model to determine the functional impact of complex spiking in CA1 pyramidal neurons.
RESULTS

Spikelets Recorded at the Soma Reflect Axonal APs
Previous studies show that complex spikes are composed of 2-3 full-amplitude APs, followed by a series of attenuated ''spikelets'' (Kandel and Spencer, 1961; Takahashi and Magee, 2009; Bittner et al., 2015) . We determined what fraction of somatically recorded spikelets represent axonal APs by simultaneously recording from the soma and axon of CA1 pyramidal neurons in acute brain slices. Whole cell recordings were obtained from somata, and cell morphology was visualized using Alexa594 (50-100 mM). Loose-patch extracellular recordings were obtained from axons at various distances from the soma ( Figure 1A ; n = 13 cells) or from axon blebs in a minority of cases (n = 5 cells). No obvious differences were observed in extracellular recordings between cut and intact axons, so the data were pooled. Large-amplitude current steps delivered to the soma (50-100 ms, 0.5-2.5 nA) drove activity mimicking complex spikes observed in previous studies, where an underlying plateau potential waveform or after-depolarization leads to AP broadening and pronounced amplitude adaptation due to Na + channel inactivation ( Figure 1B) . Interestingly, full amplitude APs, attenuated APs, and even small spikelets of 5-10 mV co-occurred with APs in the axon ( Figure 1B) . To determine the specific fraction of APs co-occurring in the soma and axon, we injected somatic current steps of increasing amplitude to drive the local Na + channel population into progressively greater degrees of inactivation. We then compared the properties of individual somatic APs occurring in the presence or absence of an axonal AP. We restricted our analysis to recordings from the distal axon (>149 mm and n = 9 cells). Larger current steps caused greater accumulation of inactivated Na + channels, evidenced by a rapid decrease in the peak amplitude and first derivative (dV/dt) of somatic APs ( Figures 1B and 1C) . Nevertheless, non-axonal APs were rare under these conditions (299/4,646 detected events or 6.9%). Such events occurred at highly depolarized membrane potentials and with distinctly smaller dV/dts than axonal APs ( Figure 1C ). These non-axonal APs may reflect signals originating in the dendrites, soma, or proximal axon (Foust et al., 2010) . Similar results were found when driving complex spikes with theta-burst stimulation of Schaffer collateral and perforant pathway synapses (Takahashi and Magee, 2009; Figure S1 ; mean axonal distance from soma: 208 ± 41 mm, n = 5 cells. Non-axonal APs: 80/2,066 events, or 3.9%). Thus, non-axonal APs in CA1 neurons comprise a small minority of events under our conditions, suggesting that AP initiation and propagation during CA1 complex spikes is reliable. Furthermore, we found no evidence that gap junction coupling between CA1 pyramidal neurons could account for the small somatic spikelets we recorded (Schmitz et al., 2001; Chorev and Brecht, 2012 ; see Experimental Procedures and Figure S2 ). Rather, these results suggest that spikelets in pyramidal neurons represent axonal APs that did not initiate a somatic AP (Williams and Stuart, 1999; Shu et al., 2007; Hu et al., 2009a) . Thus, our data suggest that all but the slowest spikelets occurring during plateau potential driven complex spiking represent APs that are generated within the axon.
Complex Spikes Recorded in Awake Mice Generate Axon APs
What proportion of somatically recorded APs would be predicted to propagate in the axon when complex spikes are evoked during natural brain states? To examine this, we first need to know what properties of the somatic voltage predict whether an AP is initiated within the axon. Previous studies show that the peak dV/dt and the most negative membrane potential preceding the AP (the ''repolarization voltage'') are reliable predictors of whether APs successfully propagate in axons of non-pyramidal neurons (Khaliq and Raman, 2005; Monsivais et al., 2005; Roberts et al., 2008) . In agreement, non-axonal APs in our recordings primarily initiated at membrane potentials more depolarized to À30 mV and exhibited the slowest dV/dts ( Figure 1D ). Sigmoid fits to the axon AP probability distributions revealed that the 95% cutoffs for the dV/dt and repolarization voltage of axon spikes were 9 V/s and À27 mV for APs generated with current steps or 13 V/s and À29 mV for APs evoked with synaptic stimulation ( Figures 1E, 1F , S1E, and S1F). Thus, the peak dV/dt and repolarization voltage of somatic spikelets divides axonal and non-axonal APs into kinetically distinct populations, allowing us to predict the sub-cellular origin of spikelets based solely upon somatic voltage recordings. We next performed whole cell recordings from CA1 pyramidal neurons in head-fixed mice trained to run on a linear treadmill (see also Royer et al., 2012; Bittner et al., 2015) . Since the dV/dt and repolarization voltage of somatic APs are reliable indices of whether an AP is present within the axon, we focused on these parameters to predict whether APs propagate in the axon during in vivo complex spikes ( Figure 1G ). To this end, (E) Axon spike probability as a function of peak dV/dt. The 95% cutoff values were determined by fitting the data with a sigmoid function of y = 1/(1+exp((x halfx)/rate)). (F) Axon spike probability as a function of repolarization voltage. The legend is the same as (H). A sigmoid function: y = 1+{-1/(1+exp((x half -x)/rate))} was used. (G) Example complex spikes recorded in an awake, head-fixed mouse running on a linear treadmill. The lower trace is the dV/dt of the somatic voltage. The peaks and troughs are cut at the dotted lines to emphasize the slowly rising events. The events highlighted in red were predicted as non-axonal APs, for the logistic regression model classified these as having a <95% probability of originating in the axon. Of note is the resemblance to the delayed somatodendritic AP component occurring shortly after an axon AP (e.g., asterisks in C). The mean AP frequency during these complex spikes was 113, 182, and 143 Hz, consistent with the notion that complex spikes represent epochs of the shortest inter-spike intervals in CA1 neurons (Harris et al., 2001; Bittner et al., 2015) . . The black trace is the averaged intracellular AP waveform. The gray traces are averages of the extracellular AP waveform recorded at the soma or at three different sites along the proximal axon. The black dots on the extracellular waveforms signify the onset latency of the extracellular AP, defined as the time that the waveform reaches 10% of its maximum height. The red dotted lines show the onset latency of the AP recorded at the soma and at the point of the longest delay recorded in the axon (27 mm). Onset at the two other locations (13 and 38 mm) occurs prior to the extracellular somatic waveform, but with a shorter delay than at the 27 mm location. (D) Summary data from n = 6 experiments similar to (B) and (C). The lines connect individual experiments. The y axis is the onset latency at different points after subtracting the onset latency of the extracellularly recorded somatic waveform (Palmer et al., 2010) . The red points signify the location of longest latency. These data indicate that APs in mouse CA1 neurons initiate 27.4 ± 1.6 mm from the soma (n = 6 cells and 6-12 sites sampled per cell). we generated a binomial logistic regression model from our dual axon-soma recordings in slices: The repolarization voltage and dV/dt of the somatic voltage served as predictor variables, while the occurrence of a spike in the axon recording served as the binary response (dependent) variable. We used the results of this logistic regression to determine the probability that individual APs or spikelets during in vivo complex spikes originated in the axon. APs were subsequently considered as ''axonal'' if the model classified the event as having a >95% probability of originating in the axon. Interestingly, the majority of in vivo APs (88% ± 2%, n = 10 cells) were classified as axonal when the logistic regression was generated using data from both current step and synaptic stimulation experiments. Similar results were observed only using synaptic stimulation data (85% ± 2%). Figure 1G shows three example complex spikes and their corresponding dV/dt (upper and lower traces, respectively), with predicted non-axonal APs highlighted in red. These non-axonal APs occurred at highly depolarized membrane potentials and had the slowest rates of rise ( Figure 1H ). Furthermore, complex spikes sustained long duration high-frequency firing ( Figure 1I ), with non-axonal APs occurring preferentially toward the end of the burst (predicted fraction of axonal APs after eight spikes: 69% ± 8%; Figure 1J ). To ensure that these results were not due to differences between in vitro and in vivo conditions, we compared the basic electrophysiological properties between the two conditions. AP threshold in vivo was identical to the slice condition (in vivo: À48.7 ± 0.5 mV and in vitro À48.1 ± 0.5 mV; Figure S3 ), indicating that AP initiation is similar under the two conditions. Input resistance in vivo was modestly, but significantly, reduced compared to slice recordings where the network is essentially silent (in vivo: 72 ± 3 MU, n = 10 cells; slice: 90 ± 5 MU; n = 18 cells, p = 0.02, Mann-Whitney test). However, this $20% change is unlikely to significantly impact the coupling between the soma and AP initiation zone in the axon. Altogether these data suggest that similar to our observations in slices, complex spikes generated during natural brain states represent extended bouts of relatively reliable AP output.
Spatial Profile of AP Amplitude within the Axon
To what extent do somatic plateau potentials control AP amplitude in the axon? We first approximated the location of AP initiation in the proximal axon using whole cell recordings from the soma along with extracellular recordings from multiple locations in the proximal axon (Figures 2A-2D ; Palmer et al., 2010; Kole, 2011) . The relative timing between axon and soma APs (onset latency) was greatest at 27.4 ± 1.6 mm from the soma (n = 6 cells) and progressively decreased with distance ( Figure 2D ). These results indicate that APs in CA1 neurons originate in the axon initial segment similar to other pyramidal neurons (Palmer and Stuart, 2006; Shu et al., 2007) .
Qualitatively similar results were observed in loose patch axonal recordings ( Figure 2E ): Both full-amplitude APs and spikelets recorded in the proximal axon ( Figure 2F ; 54-139 mm from the soma) occurred prior to the somatic AP, whereas distal axon APs ( Figure 2G ; recorded 149-373 mm from the soma) occurred following somatic APs ( Figure 2H ). Interestingly, plateau-like current steps also caused a large reduction in proximal axon AP amplitude, with the fourth AP reduced to $50% of the first AP (Figures 2F and 2I ; amplitude ratio of axon AP 4/axon AP 1: 0.50 ± 0.04, n = 8 cells). However, this amplitude decline was largely absent at more distal axon locations (Figures 2G and 2I; amplitude ratio of axon AP 4/AP 1: 0.96 ± 0.01; n = 10 cells, p = 0.0002 compared to proximal recordings, Mann-Whitney test). Furthermore, the amplitude of the differentiated axon AP component in somatic recordings could vary >3-fold for APs that successfully invaded the distal axon ( Figure S4 ). These data suggest that plateau potentials propagate into the proximal axon where they initiate a burst of high-frequency APs and produce a substantial amount of Na + channel inactivation, mirrored as small amplitude APs in both proximal axon and the soma. However, these same APs are able to regain full amplitude further down the axon ($150 mm), indicating that AP amplitude in the distal axon is relatively unaffected by somatic plateau potentials.
Plateau Propagation in the Axon Is Limited
Given the above observation, we next tested how effective plateau-like depolarizations propagate within the axon. We loaded neurons with the high-affinity Ca 2+ indicator Oregon green BAPTA 1 (OGB1; 100-200 mM) and measured axonal Ca 2+ influx in response to 30-40 mV, 50 ms somatic depolarizations in the presence of tetrodotoxin (TTX). OGB1-mediated fluorescence signals were measured at multiple locations along the main stretch of axon in stratum oriens ( Figure 3A ). Axon Ca 2+ transients were surprisingly distance-dependent, decaying with a length constant of $20 mm from the soma (Figures 3B and 3C ; 81 line scan locations from n = 9 cells). This effect was not due to a lack of Ca 2+ channel expression in the axon, as trains of 3-5 APs (without TTX) generated ample Ca 2+ transients throughout a similar stretch of axon (Figures 3B and 3C; 46 locations from n = 7 cells). Similar results were obtained when imaging collateral boutons, where TTX abolished the Ca 2+ transients evoked by
APs during large somatic current steps (Figures 3D-3F ; n = 12 boutons from ten cells; peak DF/F baseline: 1.0 ± 0.1 and TTX: 0.09 ± 0.01, p = 0.004, Wilcoxon test). Although the potential non-linearity imposed by voltage-gated Ca 2+ channels may enhance the decrement of the Ca 2+ signals observed in the axon, these data suggest that plateau potentials do not propagate well into the axon or boutons, thus minimizing their impact on regions >100 mm from the soma. This plateau potential attenuation into the more distant axon regions will reduce Na + channel inactivation, thereby allowing axon APs to regain full amplitude at more distant axon locations ( Figure 2I ).
small spikelets during current steps). The dotted red line indicates t = 0, highlighting that APs recorded in the proximal axon typically occurred prior to soma AP peak during full amplitude APs as well as spikelets.
(I) Summary data (n = 18 cells) plotting the degree of AP amplitude attenuation (defined as the amplitude ratio of the fourth and first axon APs) against the distance of the axon recording electrode from the soma. The data are fit with a sigmoid function yielding a half-maximal x-value of 129 mm (red). (Royeck et al., 2008) . Plateau-like steps in the model caused progressive inactivation of somatic Na + channels and decreased AP height in the axon initial segment ( Figure 4A ). Similar to experimental data, APs recovered to full amplitude at more distal axonal locations, as the AP-mediated K + channel activation effectively counteracted the depolarizing effect of the somatic plateau ( Figures  4A and 4B ). We next removed the Na + conductance from the model to more readily observe the effect of K + channels on axonal propagation of slow waveforms. Under these conditions, somatic depolarizations propagated down the axon in a distance-dependent manner, and uniformly reducing axonal K + conductances by 70%, enhanced the propagation of these somatic voltage steps ( Figures 4C and 4D ). Altogether these simulations indicate that axonal K + channels preserve the transmission of high-frequency AP bursts by actively counteracting the passive propagation of somatic plateau potentials. This predicts that a pharmacological block of K + channels should enhance the propagation of slow, non-AP waveforms in the axon. We tested this prediction by obtaining dual whole cell recordings from CA1 somata and the sealed terminal end of the axons (the ''bleb'') formed during slice preparation ( Figure 4E ). In agreement with our imaging data ( Figure 3 ) and model simulations, axonal propagation of somatic plateau steps in TTX was steeply distance-dependent and attenuated with a length constant of 117 mm ( Figures 4F and 4G ). This short length constant (l) was specific to large depolarizations, as hyperpolarizing voltage steps propagated significantly better than plateau-like steps (n = 18 cells, p = 0.0004, Wilcoxon test; l for hyperpolarizing steps: 250 mm). Blocking K + channels by bath application of 4-AP and tetraethylammonium (TEA) (6 and 10 mM, respectively) enhanced axonal propagation of somatic plateaus, measured as a significant increase in the steady-state axon/ soma voltage ratio after drug application (n = 15 cells; axon/ soma ratio in control: 0.52 ± 0.06, in TEA/4-AP: 0.76 ± 0.05, p = 0.0001, Wilcoxon test; Figures 4F and 4G ). This enhancement was not simply due to an increase in the amplitude of somatic signals during large current injections: K + channel block similarly enhanced the propagation of depolarizing steps that were amplitude-matched across control and drug conditions ( Figure 4H potentials that drive AP bursts, thereby protecting distal axon Na + channels from inactivation. (Awatramani et al., 2005) or modulate AP width (Kole et al., 2007; Kim, 2014) , and plateaus may nevertheless impact neurotransmitter release in an analog manner. We first tested this using 2-photon Ca 2+ imaging of collateral boutons by loading CA1 neurons with Alexa594 and the Ca 2+ indicator OGB6F (200 mM; Figures 5A and 5B). Boutons were line-scanned during 50 ms plateau steps or during a train of full-amplitude APs programmed with a similar temporal pattern as the spikelets produced during the current step ( Figure 5B ). The two stimuli generated identical Ca 2+ transients ( Figure 5C ; n = 10 boutons from seven cells; Ca 2+ transient integral during complex spike: 0.055 ± 0.006 DF/F*ms; integral during fullamplitude APs: 0.057 ± 0.007 DF/F*ms, p = 0.13, Wilcoxon test). This result was not due to an inability of our assay to detect small differences in Ca 2+ influx, as we could consistently detect changes in Ca 2+ signals that were due to single AP differences ( Figure S5) . Indeed, the difference in fluorescence integral between 5 and 4 APs (0.012 ± 0.002 DF/F*ms) was $3-fold greater than the absolute difference in fluorescence integral between complex spikes and full-amplitude AP trains (0.004 ± 0.001 DF/F*ms, p = 0.0005, Mann-Whitney test).
However, our imaging assay might fail to detect small changes in Ca 2+ that could potentially impact synaptic transmission (Awatramani et al., 2005 ). We therefore directly tested if plateau potentials impact neurotransmitter release by recording monosynaptically connected pairs of presynaptic CA1 neurons and their most proximal postsynaptic targets, local interneurons in stratum oriens and alveus ( Figure 5D ). Once a monosynaptic pair was established, we evoked plateau-like AP bursts or simple AP trains with a similar inter-spike interval as above. Short-term dynamics of excitatory postsynaptic potentials (EPSPs) were identical in the two conditions, despite a 20 ± 2mV difference in the somatic Vm envelope upon which the presynaptic APs were generated (n = 10 pairs; Figure 5E ). Furthermore, the postsynaptic voltage integral during the EPSP burst was identical in the two conditions (ratio of simple AP train/complex spike burst: 1.05 ± 0.06, p = 0.39; one-sample t test compared to hypothetical value of 1). As a positive control to determine whether our paired recordings were amenable to detecting any presynaptic modulation, we tested if depolarizing presynaptic pyramidal neurons to near spike threshold ($À55 mV) for extended periods of time (>10 s) could enhance EPSPs onto nearby interneurons (Kole et al., 2007; Kim, 2014) . EPSPs were significantly enhanced when presynaptic APs were evoked near threshold compared to hyperpolarized potentials (n = 5 pairs; Figure S6 ). These results imply that the duration of complex spikes is not long enough to engage ''analog signaling'' mechanisms in CA1 neurons, indicating that neurotransmitter release is impervious to the influence of the somatic waveform that initiates the complex spike burst.
AP Bursts Selectively Drive Supra-linear EPSP Summation onto CA1 Postsynaptic Targets in the Subiculum
We next asked whether CA1 burst firing translates into unique patterns of EPSP summation in downstream targets of CA1, namely the pyramidal cells of the subiculum. Complex spikes represent prolonged epochs of the highest frequency output from individual CA1 neurons (Bittner et al., 2015) . However, different ensembles of CA1 neurons are also known to fire one or few APs in rapid succession in the behaving animal (Dragoi and Buzsá ki, 2006) , thereby generating a population code in the form of sparse APs distributed across distinct efferent axons. Because previous studies report only modest short-term facilitation of CA1-subiculum synapses (Wozny et al., 2008; Xu et al., 2012) , whether presynaptic complex spike bursts generate EPSPs that summate distinctly from those arising via more spatially distributed network activity patterns is unclear. We tested this by recording from pyramidal neurons in the subiculum and comparing EPSP summation during presynaptic AP bursts or low-frequency AP activity distributed across multiple CA1 axon pathways. To do so, we placed four separate stimulating electrodes in the CA1 alveus to activate four distinct CA1 axon pathways (n = 7 cells; Figure 6A ). We first determined the unitary EPSP amplitudes by individually stimulating each pathway with a single shock ( Figure 6B , upper trace). We then mimicked a distributed network activity pattern by sequentially stimulating each of the four pathways a single time in rapid succession (10 ms inter-stimulus interval). This sequential stimulation pattern produced a linearly increasing level of postsynaptic depolarization ( Figure 6B , lower trace), as the recorded EPSP amplitude approximated the arithmetic sum of the unitary EPSPs ( Figures 6B and 6D ). By contrast, presynaptic AP bursts generated by repetitive stimulation of the same pathway (four shocks, 10 ms intervals) resulted in significantly supra-linear EPSP summation ( Figures 6C and 6D ). This non-linearity is likely to be a function of transmitter release dynamics, inhibitory filtering and postsynaptic mechanisms such as NMDAR activation ). Yet the lack of an increased EPSP duration during burst stimulation suggests a minimal contribution by NMDAR activation (measured/expected ratio for the half-width of the fourth EPSP: 1.02 ± 0.05, n = 7 cells, p = 0.77; one-sample t test compared to hypothetical value of 1). Altogether our data indicate that complex spikes represent an efficacious output signal, whereby high-frequency AP bursts transmit supra-linear excitation to extra-hippocampal targets of CA1 pyramidal neurons.
DISCUSSION
Complex spikes are not only intrinsic signals to generate plasticity and novel feature selectivity (Takahashi and Magee, 2009; Bittner et al., 2015) , but we now show that these unique signals are also reliably transmitted as gain-modulated firing rate increases to downstream targets. Although axonal cable properties predict that the large somatic depolarizations underlying the complex spike should passively propagate far into the axon and inactivate axonal Na + channels, CA1 neurons nevertheless maintain output fidelity even as APs are initiated atop a >25 mV somatic depolarization. Indeed, the propagation of plateau potentials into the proximal axon is substantial enough to produce significant levels of Na + channel inactivation, and as a result, later APs in the complex spike have reduced amplitudes in both proximal axon and soma. However, further propagation of the plateau into the more distal axon is limited, owing to the activation of axonal K + channels that effectively counteract these large depolarizations. This active filtering of slow somatic signals allows APs to recover in amplitude in the distal axon, thereby preserving the correlation of EC and CA3 activity as a reliable AP rate code. Functionally, the reliable propagation enforced by axonal K + channels would enable uninterrupted transmission of CA1 efferent signals during conjunctive input processing. Furthermore, given reports showing that somatodendritic Ca 2+ spikes in burst firing inhibitory neurons also seemingly fail to propagate beyond the axon initial segment (Bender and Trussell, 2009) , the filtering of large somatodendritic plateaus by axonal K + channels may be common to many types of burst firing neurons.
Functional Consequence of the CA1 Complex Spike Dendritic Ca 2+ plateau-driven complex spiking is found in a variety of microcircuits throughout the CNS. One of the most widely studied is the climbing fiber evoked complex spike in Purkinje cells, where many of the small, high-frequency spikelets fail to propagate in the axons (Khaliq and Raman, 2005; Monsivais et al., 2005; Foust et al., 2010) . Rather, the complex spike in Purkinje cells might primarily reflect an ''instructive'' plasticity signal (Medina and Lisberger, 2008; Yang and Lisberger, 2014) or perhaps the complex spike works in concert with cell-intrinsic conductances to decrease the high baseline firing rate of Purkinje cells (Davie et al., 2008) . Interestingly, Purkinje cells express a somewhat different complement of AIS K + channels than CA1 neurons (Lorincz and Nusser, 2008) . This heterogeneity in sub-cellular ion channel distribution may in part underlie the differential reliability and thus functional consequences of complex spiking across diverse projection neurons. Indeed, pyramidal cell axons contain a variety of different K + channels such as Kv1 (Kim, 2014; Kirizs et al., 2014 ), Kv7.2/7.3 (Battefeld et al., 2014 , and Kv2.1 (Kirizs et al., 2014) , which could be involved in limiting the propagation of large somatic signals. Future studies are required to tease apart the specific contributions of these distinct K + conductances in controlling axonal excitability during regular and complex spike firing patterns. Our data indicate that plateau potentials in CA1 neurons can function both as intrinsic plasticity signals and extrinsic signals via a gain modulation of firing rate. However, these two functions appear to be kept separate since the depolarization produced by the plateau potential is actively filtered by axonal K + channels. In the end, Ca 2+ influx into nerve terminals is unaffected by the large somatic plateau potential, despite an otherwise strong electrotonic coupling between axon and soma that allows smaller voltage signals to modulate transmitter release on much slower timescales. Neurotransmitter release during complex spikes is therefore a straightforward readout of neuronal firing rate rather than a convolved function of plateau amplitude, plateau duration, and AP rate. This rate modulation has been reported to enable a simple decoding of population activity by downstream targets (Pouget et al., 2000) , such that the firing rate increase during complex spikes reflects the degree of synchrony between phasic EC and CA3 inputs (Bittner et al., 2015) . Interestingly, this profile is similar to that seen in neurons of the inferior olive (Mathy et al., 2009) , where the timing of EPSPs relative to the phase of a network oscillation determines the number of APs transmitted to downstream targets. Along with our study, this suggests that the fundamental microcircuit operation performed by dendritic Ca 2+ plateaus may be generalizable to many regions of the CNS.
EXPERIMENTAL PROCEDURES Slice Preparation
All experiments involving animals were performed with prior approval of Janelia Research Campus' Institutional Animal Care and Use Committee (IACUC). 8-to 12-week-old male C57/Bl6 mice (Jackson Labs or Charles River) were used for the majority of experiments. 5-to-7-week-old Wistar rats were used for whole cell bleb recordings in Figures 4E-4I . For experiments in Figure S2 , both male and female transgenic mice were used. Animals were anesthetized with isoflurane and transcardially perfused with ice-cold cutting solution containing (in mM): 28 NaHCO 3 , 2. 
Whole Cell Electrophysiology In Vitro
Slices were perfused at 3-5 ml/min (chamber volume: $1 ml) with oxygenated ACSF heated to 34 ± 1 C. Neurons were visualized using Dodt contrast optics on a Zeiss Examiner Z1 scope with a 633 objective. Whole cell current-clamp recordings were performed with Dagan BVC-700A or Multiclamp 700B amplifiers. Pipette capacitance was fully canceled prior to whole cell break-in and bridge balance was maintained (series resistance: <40 mOhm). Patch pipettes were filled with internal solution containing (in mM): 130 K-Gluconate, 10 KCl, 4 NaCl, 4 Mg 2 -ATP, 0.3 Tris-GTP, 14 and 10 HEPES (290 mOsm [pH 7.3] , with KOH). In addition, 0.05-0.1 Alexa594 (or 0.05 Alexa488 for interneurons in paired recordings) was added to visualize neuron morphology. For synaptic stimulation experiments in Figure S1 , 10 mM SR95531 and 100 nM CGP55845 were added to the bath solution to block GABA A and GABA B receptors, respectively. In addition, a cut was carefully made at the border of CA3 prior to the experiment to prevent epileptogenesis. Schaffer collateral, perforant path, and CA1 axons were stimulated with tungsten or platinum/ iridium electrodes placed in stratum radiatum, stratum lacunosum-moleculare, and CA1 alveus, respectively. Inhibition was left intact for stimulation experiments in Figure 6 . For CA1-interneuron paired recordings, 5-10 mM K-glutamate was added to the presynaptic CA1 neuron internal solution to prevent washout of glutamate release during whole cell dialysis (Biró et al., 2005) . In dual whole cell recordings from the soma and axon bleb, the soma was patched first and the axon subsequently visualized under 2-photon illumination. A second patch pipette filled with K-gluconate solution and 1 mM Alexa 488 (or pre-coated with BSA-conjugated Alexa488; Sasaki et al., 2012) was positioned near the bleb. Care was taken to prevent photo-damage from prolonged laser exposure and the bleb was patched under Dodt contrast optics.
Cell-Attached and Extracellular Axon Recordings
Axon APs were recorded in the loose-patch configuration with an Axopatch 200B amplifier in voltage-clamp mode (0 pA offset current). Signals were filtered at 5-10 kHz online and digitized at 50 kHz. Axon recording pipettes were filled with modified ACSF internal solution containing: 144 NaCl, 3 KCl, 1.25 NaH 2 PO 4 , 1 MgCl 2 , 1.3 CaCl 2 , 10 HEPES, and 15-20 glucose ($300 mOsm [pH $7.4] with NaOH). Pipettes were visualized under 2-photon illumination by adding 1 mM Alexa488 to the modified ACSF internal solution or by coating the pipette with BSA-conjugated Alexa488. For extracellular axon recordings in Figure 2 , signals were recorded with a Dagan BVC-700 amplifier, online filtered at 10 kHz, and digitized at 50 kHz. Proper positioning of the extracellular pipette near the axon was critical to achieve a high signal to noise ratio (Palmer et al., 2010; Kole, 2011) . Nevertheless, the small amplitude of extracellular APs often precluded observing single trials, especially at more distal recording sites. As such, extracellular AP waveforms were quantified by averaging multiple APs (typically >100) aligned to the rising phase of the somatic AP waveform. Onset latency was calculated as the time at which the extracellularly recorded axonal AP reached 10% of its peak and subtracting the time of 10% rise of the extracellularly recorded somatic AP (Palmer et al., 2010) .
2-Photon Imaging
The imaging setup is a Prairie Ultima system similar to that described in previous studies (Takahashi and Magee, 2009; Milstein et al., 2015) . Neuron morphology was imaged with a pulsed laser (Coherent Chameleon Ultra, wavelength: 880 nm). For Ca 2+ imaging, neurons were filled with Alexa594 and OGB1 or OGB6F (100-200 mM). Line scans (200-500 Hz, 12-24 ms dwell time) were performed with the laser wavelength set at 920 nm. A total of 3-12 trials were averaged per line scan location or experimental condition. Fluorescence changes are reported as DF/F (F -F baseline /F baseline ). Values reported are the DF/F transient averaged over three points around the peak. For the experiments in Figures 5 and S5 , the different experimental conditions were interleaved. This resulted in occasional jitter of individual AP times on the order of a few milliseconds across experimental conditions. We therefore quantified the integral of the entire fluorescence trace rather than the peak amplitude.
Whole Cell Recordings In Vivo
Detailed methods for our in vivo recordings are found in Bittner et al. (2015) . Briefly, male C57Bl6 mice (5-7 weeks of age) were anesthetized with isofluorane or ketamine/xylazine and implanted with custom-made titanium headbars. After 5-7 days of recovery, mice were water restricted to 1.5 ml/day and trained to run on a linear treadmill for 10% sucrose water reward. One day prior to recording, a small craniotomy (2 mm posterior and 1.9 mm lateral from bregma) was made above the dorsal hippocampus. Whole cell recordings were obtained from CA1 pyramidal neurons using standard blind patch methods. The internal solution for these recordings was similar to that used for slice experiments, except the concentrations of KCl and KGluconate were 6 and 134 mM, respectively, and 0.2%-0.5% biocytin was added for post hoc reconstruction. Pipette capacitance was fully canceled prior to achieving whole cell access. The average recording time was 16 ± 3 min (range 7.6-33 min, n = 10 cells). Raw data from 6/10 cells were also included in an entirely distinct set of analyses for a separate study (Bittner et al., 2015) . Complex spikes occurred both during running, and during quiet wakefulness, with each cell generating an average of 30 ± 6 complex spikes (range: 3-66 per cell).
Optogenetic Experiments
For experiments in Figure S2 , channelrhodopsin2 was expressed in CA1 pyramidal neurons by crossing Ai32-ChR2 mice (Jax stock #: 024109, RRID: MGI_5013801) with kallikrein8 related-peptidase-cre (Klk8-cre; RRID: MMRRC:036681-UCD) mice. These mice express cre recombinase in the majority of hippocampal CA1 pyramidal neurons as shown from histological sections available on the GENSAT website. Single-photon photo-activation was achieved by coupling a 473-nm laser (gem473, Laser Quantum) to the uncaging path of the scan head similar to previous studies (Losonczy et al., 2010; Milstein et al., 2015) .
Data Analysis
Recordings of APs and spikelets in slice experiments were filtered online at 30 kHz, digitized at 50 kHz, and filtered at 5 kHz during offline analysis. We tested whether these recording and filtering parameters significantly affected the shape of the fastest signals such as full-amplitude APs. We recorded APs from CA1 neurons at 50 or 100 kHz, both with and without the 30 kHz analog filter (n = 5 cells). The dV/dt of APs recorded at 50 kHz sampling rate was not significantly different to those recorded at 100 kHz in the same neuron (p = 0.77, paired t test). Furthermore, 30 kHz analog filtering had little effect, reducing the AP dV/dt to 97% ± 3% and 98% ± 1% when sampled with 50 and 100 kHz, respectively (p = 0.31 and p = 0.10, paired t test). The 5 kHz offline digital filter only modestly reduced the rise-times of fast APs to 94% ± 1% of their original value when recorded at 50 kHz and online filtered at 30 kHz (p = 0.02, paired t test, n = 5 recordings tested). For EPSP recordings in Figures  5 and 6 , data were filtered online at 3-5 kHz and sampled at 50 kHz. For in vivo recordings, data were filtered online at 1 kHz and digitized at 20 kHz. Data analysis was performed in Igor, Axograph X, and Graphpad Prism. All values are reported as mean ± SEM unless stated otherwise. Statistical significance was determined with the tests listed in the main text or figure legends. Alpha value was set at 0.05 and corrected for multiple comparisons when appropriate.
AP Detection during Complex Spikes
Individual APs were detected with a derivative threshold algorithm (Axograph X). Threshold was set at 2-4 V/s with a minimum inter-event interval of 2-3 ms. This interval is shorter than the maximal firing rate of CA1 neurons in freely moving animals (Harris et al., 2001 ) and chosen to maximize our detection of non-axonal APs such as somatodendritic APs occurring shortly following an axon-only spikelet AP. Individual events were inspected visually and categorized as axonal or non-axonal based on whether a short latency AP was present in the axon recording. The relative timing of axon and soma APs in Figure 2H was calculated as the timing difference between the peak of the somatic AP voltage and the zero crossing following the peak of the axon AP current. For in vivo data, recordings were inspected visually for the occurrence of complex spikes, and events were considered as complex spikes if the underlying plateau waveform reached above À35 mV; APs in the complex spike burst were subsequently detected using the derivative threshold routine outlined above.
Logistic Regression Model
To predict the fraction of spikelets originating in the axon in vivo, we used the glmfit and fitglm functions in Matlab to generate a binomial logistic regression model based on the repolarization voltage and first derivative values of axon and non-axon APs from our in vitro data sets. We considered an in vivo event as axonal if the model classified it as having a >95% probability of being an axon AP. However, the high series resistance of in vivo recordings will effectively reduce the first derivative values. This may cause some in vivo events to be falsely classified as non-axonal. As such, our values from Figure 1 probably represent a lower-limit estimate on the number of axon APs generated during in vivo complex spikes.
Computational Modeling
Multicompartment biophysical simulations of a CA1 pyramidal neuron were performed using custom written software extending the Python interface for NEURON (Hines et al., 2009 ) and open source tools for parameter optimization, data analysis, and visualization (Jones et al., 2001) . The detailed dendritic morphology of a CA1 pyramidal cell from an adult mouse was imaged, digitally reconstructed, and provided for incorporation into the model by Erik Bloss and Nelson Spruston. Simplified soma and axon compartments consisted of a cylindrical soma (length: 14 mm and diameter: 9 mm), a conical axon hillock (length: 10 mm and diameter tapers from 3-2 mm), a conical axon initial segment (length: 15 mm and diameter tapers from 2-0.5 mm), and a cylindrical axon (length: 500 mm and diameter: 0.5 mm). Uniform values were used in all compartments for axial resistivity (150 U$cm) and membrane capacitance (1 mF/cm 2 ), except in basal, apical oblique, and tuft dendritic branches, where the membrane capacitance was doubled to account for the effect of spines, which were not explicitly included in the model, on the membrane time constant. The following conductances were included in the model: passive leak (g_pas), transient sodium (g_na), A-type potassium (g_ka), delayed rectifier potassium (g_kdr), and M-type potassium (g_km). Reversal potentials for leak, sodium, and potassium conductances were À65 mV, 50 mV, and À77 mV, respectively. Passive leak and A-type potassium conductances increased in dendrites with distance from the soma to account for lower input resistance (Bittner et al., 2012) and decreased height of backpropagating APs in dendrites (Hoffman et al., 1997) . Sodium conductance was low and uniform in the soma and dendrite, increased in the axon, and further increased in the axon initial segment. The voltage sensitivity of the activation parameter of the sodium conductance mechanism was also shifted À5 mV hyperpolarized in the axon initial segment relative to the rest of the cell, to account for initiation of APs in the axon initial segment in response to somatic current injections (Royeck et al., 2008) .
Peak conductance values are reported in Table S1 . These conductance density values used in the model were chosen to fall within a reasonable range based on previous work (Royeck et al., 2008; Hu et al., 2009b ) and optimized to quantitatively fit our experimental results. Interestingly, however, we found that the basic qualitative result was robust to a wide range of variation in the actual conductance densities used. Attenuation of large slow depolarizations from soma to axon while recovering full amplitude AP height in the axon occurred with or without M-type K + conductance and with order of magnitude changes in peak axonal sodium, A-type K + , or delayed rectifier K + conductance densities in the model. 
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